In helically cut strips of monkey coronary arteries of different sizes, contracted with pro8taglandin F*, or K + , responses to norepinephrine, epinephrine, isoproterenol, and transmural electrical stimulation were compared. In response to norepinephrine, only contractions were induced in large arteries, contractions at low concentrations and relaxations at high concentrations in mediumsize arteries, and only relaxations in small arteries. Epinephrine produced a greater contraction than norepinephrine in the arteries. Relaxant effects of isoproterenol were greater in small and mediumsize arteries than in large arteries. Transmural electrical stimulation applied at frequencies of 2, 5, and 20 Hz to strips of medium-size arteries produced a frequency-dependent contraction that was reversed to a relaxation following treatment with phentolamine. Propranolol abolished the relaxation. In strips of dog coronary arteries of medium size, transmural stimulation elicited only a relaxation which was suppressed or reversed to a contraction by propranolol. Dog arteries of this sixe responded to norepinephrine and epinephrine with only a relaxation. It may be concluded that the quantity or the susceptibility of o-adrenoceptors is in the order of large 2: medium > small-size arteries from monkeys, whereas that of /9-adrenoceptors is in the order of medium «= small > large arteries. Monkey coronary arteries appear to respond to endogenous and exogenous norepinephrine with a contraction more consistently than dog coronary arteries. Circ Res
VARIANT angina (Prinzmetal et aL, 1959) results from coronary artery spasm, superimposed on either a variable severity of coronary atherosclerosis or normal coronary artery. Functional interventions, such as sympathetic nerve activation (Mudge et al., 1976; Ricci et aL, 1979) , acetylcholine (Yasue et al., 1974) , serotonin (Muller-Schweinitzer, 1980) , thromboiane A 2 (Tada et al., in press), and Mg 2 " 1 " deficiency (Turlapaty and Altura, 1980) , are included in pathogenetic mechanisms of such an artery spasm Ricci et al. (1979) reported altered sympathetic nerve activity in patients with coronary spasm; administration of a-receptor antagonists, phentolamine and phenoxybenzamine, reversed the spasm. Anginal attack was induced in patients by combined administration of epinephrine and propranolol (Yasue et al., 1976) . In anesthetized dogs, a-receptor-mediated constriction of coronary vessels in response to cardiac sympathetic activation (Holtz et al., 1977; Gerova et aL, 1979; Ertl et al., 1979) competes with metabolically mediated vasodilation (Mohrman and Feigl, 1978) . Proximal portions of isolated coronary arteries respond to norepinephrine and epinephrine with a contraction (Zuberbuhler and Bohr, 1965; Bohr, 1967) . These experimental studies in vivo and in vitro have been performed only in doga Contractile responses of coronary artery smooth muscle to sympathetic nerve stimulation, norepinephrine, and epinephrine have not been analyzed quantitatively.
The present study was thus undertaken to evaluate a regional difference in the responsiveness of isolated monkey coronary arteries to norepinephrine, epinephrine, and isoproterenol, and to determine the effect of sympathetic nerve stimulation on the monkey arteries. Responses of isolated dog coronary arteries were also investigated for comparison.
Methods
Japanese monkeys (Macaca fuscata) of either sex, weighing 6-10 kg, were anesthetized with intramuscular injections of ketamine (40 mg/kg) and killed by bleeding from the common carotid arteries. Mongrel dogs of either sex (7-13 kg) were anesthetized with intraperitoneal injections of sodium pentobarbital (50 mg/kg) and killed. The heart was rapidly removed. Interventricular and circumflex branches (epicardial location) of the left coronary artery of different sizes were isolated from the monkey heart. Outside diameters were greater than 1 mm in large, proximal arteries, 0.6 to 0.8 mm in medium-size arteries, and less than 0.5 mm in small, distal arteries. The branches of the left coronary artery (0.6 to 0.8 mm o.d.) were also isolated from the dog heart. The arterial segment was cleaned, and a fine stainless steel needle, which adequately fitted the inside, was inserted into the segment. The
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FIGURE 1 Dose-response curves for norepinephrine in strips of monkey coronary arteries of different sizes. The strips partially contracted with prostaglandin F^ (left figure) or K + (right figure) . In the left figure, relaxations induced by 10~4 M papaverine were taken as 100%; mean absolute values for small and medium-size arteries were 426 ± 51 mg (n •= 7) and 768 ± 53 mg (n = 13), respectively. Contractions induced by 30 mM K* minus those induced by prostaglandin Fin were taken as 100%; mean absolute values for large and medium-size arteries were 1184 ± 183 mg (n = 7) and 1098 ± 160 mg (n -13), respectively. In the right figure, the mean value of maximum relaxations induced by 10"* M papaverine m small arteries was 343 ± 45 mg (n -7 FIGURE 3 Dose-response curves for epinephrine in strips of monkey coronary arteries of different sizes. The strips partially contracted with prostaglandin F^. Relaxations induced by 10~A M papaverine were taken as 100%; mean absolute values for small and medium-size arteries were 398 ± 11 mg (n =6) and 546 ± 46 mg (n = 7), respectively. Contractions induced by 30 mix K* minus those induced by prostaglandin F^ were taken as 100%; mean absolute values for small, medium, and large arteries were 520 ± 139 mg (n = 5), 791 ± 168 mg (n = 7) and 1078 ± 108 mg (n = 5), respectively, a: Significantly different from corresponding values obtained from medium-size arteries, P < 0.01; b: P < 0.02; c: P < 0.05.
razor blade was placed on one end of the segment at an angle of approximately 45°. Then, the needle was slowly rotated to cut the arterial wall through to the other end. Each strip, approximately 20 mm long, was vertically fixed between hooks in the muscle bath (20-ml capacity) containing the nutrient solution which was aerated with a mixture of 95% 0 2 and 5% CO 2 and maintained at 37 ± 0.3°C. The hook anchoring the upper end of the strips was connected to the lever of a force-displacement transducer (Nihonkoden Kogyo Co.). Relationships between active tension developed by 2 x 10"* M serotonin and passive tension (0 to 2 g) were obtained in medium-size monkey arteries (Toda et al., 1978a) , and the mmnmnm active tensions were attained at 1.0 g passive tension. Cross-sectional areas of large, medium, and small coronary arteries, calculated by the ratio of wet weight:length of strips, were 0.355 ± 0.035 mm 2 (n -6), 0.240 ± 0.036 mm (n = 10), and 0.110 ± 0.008 mm : (n = 6), respec tively. Therefore, the resting tension was adjustec to 1.5 g for large arteries, 1.0 g for medium-siz* arteries from monkeys and dogs, and 0.5 g for smal arteries. Constituents of the solution were as follow! (DIM): Na + , 140; K + , 5.4; Ca* + , 22; Mg 2 *, 1.0; C r 131.8; HC(V, 20.0; and dextrose, 5.6. The pH of tin solution was 7.25-7.35. Before the start of experi ments, the preparations were allowed to equilibrate for 60-90 minutes in bathing media, during whicl time the fluids were replaced every 10-15 minutes Some of the strips of the medium-size artery fron monkeys and dogs were placed between stimulatinj electrodes (Toda, 1971) . The gaps between the strh; and the electrodes were wide enough to allow un disturbed arterial contraction and relaxation, an( yet sufficiently narrow to stimulate intramura nerve terminals effectively. A train of 0.2-mse< square pulses of supramaximum intensity wen transmuTally applied at frequencies of 2, 5, and 2( Hz for periods of 100, 40, and 10 seconds, respec MONKEY CORONARY ART.
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FIGURE 4 Dose-response curves for isoproterenol ir strips of monkey coronary arteries of different sizes. Tht strips partially contracted with prostaglandin Fta-Re taxations induced by lCT* M papaverine were taken ai 100%; mean absolute values for small, medium, one large arteries were 261 ± 56 mg (n = 7), 522 ± 47 mg (r -= 7), and 576 ± 96 mg (n = 7), respectively, a: Signifi cantly different from corresponding values obtainec from medium-size arteries, P < 0.01; b: P < 0.02. figure) , nedium (middle), and small sizes (right) to norepinephrine. Relaxations induced by 10~* M papaverine were taken as 100%; mean absolute values for large, medium (after phentolamine), and small arteries (before and after phentolamine) vere 551 ± 70 mg (n = 7), 526 ± 81 mg (n = 7), 185 ± 32 mg (n = 4), and 168 ± 29 mg (n = 4), respectively. Contractions •jiduced by 30 mM K* minus those induced by prostaglandin F^ were taken as 100%; mean absolute values for large ind medium-size arteries before phentolamine were 1067 ± 164 mg (n -7) and 956 ± 163 mg (n -7), respectively.
tively. The stimulus pulses were delivered by an electronic stimulator (Nihonkoden Kogyo Co.). Isometric contractions and relaxations were displayed on an ink-writing oscillograph (Sanei Sokki Co.). The contractile response to 30 mM K + was First obtained, the average values in large, medium, and small monkey arteries being 2012 ± 120 mg (n = 30), 1347 ± 75 mg (n = 35), and 604 ± 63 mg (n = 27), respectively. The preparations were then washed repeatedly and equilibrated for 30 to 40 minutes. Before the dose-response curve for cate-:holamines was obtained, arterial strips had been contracted with prostaglandin F^ (5 X 10~e to 5 x 10" 7 M) or K + (13 mM), the contraction being 30 to 45% the contraction induced by 30 mM K + . The amines were added directly to the bathing media in cumulative concentrations. At the end of each series Df experiments, papaverine in a concentration of 10~4 M was added to attain the maximum relaxation (Toda, 1974) . Relaxations induced by catecholamines relative to papaverine-induced relaxations were presented. When contractions were induced by the amines, contractions induced by 30 mM K + minus prostaglandin F^-or K + (13 mM)-induced contractions were taken as 100%. Preparations had been treated for 30 minutes with blocking agents, before the response to catecholamines was obtained. The dissociation constant (KB) of metoprolol was calculated from the equation, [B] -, where [B] is the concentradose ratio -1 tion of metoprolol. The dose ratio is the ratio of median effective concentrations (EDM'S) of isoproterenol in the presence and absence of metoprolol. The results shown in the text and figures were expressed as mean values ± SEM. Statistical analyses were made by Student's t-teat.
Drugs used were d/-norepinephrine hydrochloride, rf/-epinephrine hydrochloride, rf/-isoproterenol hydrochloride, serotonin creatinine sulfate, phentolamine mesylate, tf/-propranolol hydrochloride, lmetoprolol hydrochloride (Ciba-Geigy, Japan, Ltd.), prostaglandin ¥%, (Ono Co., Osaka, Japan), tetrodotoxin, papaverine hydrochloride, and bretylium tosylate. Sodium metabisulfite (0.1%) was added to all catecholamine solutions to prevent oxidation.
Results
Responses of Monkey Coronary Arteries of Different Sizes to Norepinephrine, Epinephrine, and Isoproterenol
Helical strips of monkey coronary arteries of large, medium, and small sizes contracted with prostaglandin F2<, responded differently to norepinephrine. The large arteries contracted, the maximum VOL. 49, No. 6, DECEMBER 1981 M papaverine were taken as 100%; mean absolute values before and after treatment with propranolol were 506 ± 90 mg (n = 7) and 377 ± 44 mg (n -7), respectively. Contractions induced by 30 mM K* minus those induced by prostaglandin F^ were taken as 100%; the mean absolute value after propranolol was 331 ± 32 mg (n •= 7)contraction being attained at 2 X 1CT 6 M; the medium-size arteries contracted at low concentrations (5 x 10~8 to 5 x 1CT 7 M) but relaxed at the higher concentrations; the small arteries responded only with a relaxation (Fig. 1, left) . Contractions induced at 5 X 1(T 9 M (P < 0.05) and at 2 X 10" 8 to 2 X 10" 6 M (P < 0.01) of large arteries and those induced at 5 x 10~9 {P < 0.02), 2 x 10~8 and 10" 7 M (P < 0.01) of medium-size arteries were significant. Typical recordings of coronary arteries of different sizes from the same monkey are shown in Figure 2 . In K + (13 mM)-contracted arteries of different sizes, similar differences in the response to norepinephrine were observed; however, contractile responses of large and medium size arteries were greater and relaxant responses of small arteries were less than those seen in prostaglandin F^-contracted arteries (Fig. 1, right) . Interventricular and circumflex branches of the left coronary artery of medium size (n = 3) responded to norepinephrine with a similar extent of contraction and relaxation. A similar difference in responses to epinephrine of the arteries of different sizes was obtained (Fig. 3) . Contractions induced by epinephrine were greater, and relaxations were less, compared with the responses to corresponding concentrations of norepinephrine. The addition of isoproterenol produced a doserelated relaxation of coronary arteries of different sizes; however, large arteries were less susceptible to the amine than medium and small arteries ( Fig.  4) . Maximum relaxations relative to those induced by lO" 4 M papaverine were significantly less in large arteries than in the other two (P < 0.01). Mean values of the median effective concentration (ED W ) in large, medium and small arteries were [5.8 ± 1.6] X 10" 8 (n=7), [2.3 ± 0.4] X 10~8 {n -7), and [2.1 ± 0.3] X 10" 8 M (n = 7), respectively.
Modification by Phentolamine and Propranolol of Responses of Monkey Coronary Arteries to Norepinephrine, Epinephrine, and Isoproterenol
Contractions induced by norepinephrine in large and medium-size arteries were abolished or reversed to relaxations following treatment with 10~* M phentolamine (Fig. 5, left and middle) . In the presence of phentolamine, the relaxations of medium-size arteries were appreciably greater. Relaxations of small arteries induced by norepinephrine were potentiated by phentolamine ( Fig. 5, right) but were suppressed or reversed to contractions by treatment with 10"* M propranolol (Fig. 6 ). Relaxations seen in medium-size arteries in response to high concentrations of norepinephrine were also attenuated by propranolol.
The contractile response to epinephrine was suppressed by 10~* M phentolamine. Relaxations induced by isoproterenol (lO^-lO" 6 M) were not significantly potentiated by treatment with 10"* M phentolamine (n = 5); however, slight contractions induced at 10" s M in large and medium-size arteries (Fig. 3) were abolished. The dose-response curve for isoproterenol was shifted to the right by 2 X 10~7 M metoprolol; the K B value averaged 1.3 X 10~8 M ( n -4 ) .
Responses of Monkey Coronary Arteries to Transmural Electrical Stimulation
In monkey coronary arteries of medium-size contracted with prostaglandin F^, transmural electrical stimulation applied at frequencies of 2, 5, and 20 Hz elicited a frequency-related contraction. Following treatment with 10"* M phentolamine, contractions induced by the transmural stimulation were reversed to relaxations. Average contractions induced at frequencies of 2, 5, and 20 Hz in control MONKEY CORONARY ART. lOmln media were 11 ± 4, 39 ± 11, and 72 ± 20 mg (n -4), respectively, whereas average relaxations in the presence of lO" 6 M phentolamine were 57 ± 14, 55 ± 15, and 45 ± 10 mg, respectively. These relaxations were suppressed by 10" 6 M propranolol (10 ± 10 mg relaxation at 2 Hz, 1 ± 2 nog contraction at 5 Hz, and 8 ± 5 mg contraction at 20 Hz, n = 4). The typical recordings are demonstrated in Figure 7 . The responses to the electrical stimulation were also abolished by 3 X 10~7 M tetrodotoxin.
Responses of Dog Coronary Arteries to Norepinephrine, Epinephrine, Isoproterenol and Transmural Stimulation
Responses of dog coronary arteries of medium size to catecholamines were compared with those of monkey coronary arteries (Fig. 8) o E ( 7 )
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FIGURE 8 Comparison of the responses to catecholamines of medium-size coronary arteries isolated from dogs (left figure) and monkeys (right) . Relaxations induced by 10~* M papaverine were taken as 100%; mean absolute values for experiments with epinephrine, norepinephrine, and isoproterenol in dog arteries were 447 ± 70 mg (n = 7), 681 ± 93 mg (n -10), and 175 ±76 mg (n = 10), respectively. Mean absolute values of the 100% contraction and relaxation obtained from monkey arteries are the same as shown in the legends for Figures 1, 3, and 4 . VOL. 49, No. 6, DECEMBER 1981 DOG CORONARY ART. Modification by propranolol of the response of medium-size coronary arteries from dogs. The arterial strips partially contracted with prostaglandin F^. Relaxations induced by ICT* M papaverine were taken as 100%; mean absolute values before and after treatment with propranolol were 681 ± 93 mg (n -6) and 863 ± 101 mg (n = 6), respectively. Contractions induced by 30 mM K* minus those induced by prostaglandin F^ were taken as 100%; the mean absolute value after propranolol was 1101 ± 222 mg (n = 6).
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amines caused a dose-dependent relaxation in dog arteries. Mean values of the ED50 of epinephrine, norepinephrine, and isoproterenol in dog arteries were [1.7 ± 0.5] x 1CT 7 (n -7), [4.1 ± 1.0] x 10~8 (n = 10), and [1.3 ± 0.3] x 10~8 M (n -10), respectively. Relaxations of dog arterial strips induced by low concentrations of norepinephrine were reversed to contractions following treatment with 1 0 s M propranolol (Fig. 9 ), as seen with small coronary arteries from monkeys (Fig. 6) . Transmural electrical stimulation applied to dog coronary arteries of medium size contracted with prostaglandin F^ caused relaxations, which were reversed to contractions by 10" 6 M propranolol (Fig.  10) . The contractile response in the presence of the P antagonist was suppressed by 10" 6 M phentolamine. Responses to transmural electrical stimulation were also abolished by 3 X 10~7 M tetrodotoxin or 10~5 M bretylium. Similar results were obtained in four out of seven preparations. In the remaining three, significant changes in the tension were not produced by the stimulation under the same experimental conditions, and increase in the duration of square pulses to 0.3 msec or longer produced a relaxation that was not abolished by tetrodotoxin or propranolol. may therefore be concluded that the electrical stimulation releases norepinephrine from adrenergic nerves innervating the coronary arterial wall, which activates both a-and /^-receptors, the response to an activation of the former receptors being greater under normal conditions. Contractions were consistently induced by the transmural electrical stimulation at frequencies used and also by low concentrations (5 X 10" 9 to 10" 7 M) of norepinephrine.
Following the data obtained with electrical neural stimulation and shown in Figure 1 , left, mean concentrations of exogenous norepinephrine necessary to produce the same magnitude of contractions as that induced by transmural stimulation at frequencies of 5 and 20 Hz were 5.8 and 9.7 X 10~B M, respectively. The value was 1.2 x 10~7 M at a frequency of 20 Hz in rabbit aortas (Toda and Hatano, 1977) , 9 x 10~8 M at 8 Hz in rabbit ear arteries, and 10~7 M at 8 Hz in rabbit pulmonary arteries (Bevan, 1978) . In contrast to monkey arterial strips, dog coronary arteries of medium size responded to transmural electrical stimulation with a relaxation. This relaxation was reversed to a contraction by propranolol, which was abolished by phentolamine. The excitatory effect of endogenous norepinephrine mediated by a-receptors appears to be masked by the inhibitory effect mediated by /J-receptors. The dose-response curve for norepinephrine in monkey coronary arteries of medium size (Fig. 1, left) was similar to the curve in dog coronary arteries of the similar size treated with propranolol ( Fig. 9 ) and the curve in monkey arteries treated with phentolamine ( Fig. 5, middle) resembled the curve in untreated dog arteries (Fig. 8, left) . It is therefore concluded that the ratio of a-receptor-mediated contraction to /^-receptor-mediated relaxation is appreciably greater in monkey coronary arteries. Preliminary study on human coronary arteries demonstrates the similar effect of norepinephrine to that on monkey arteries (unpublished data).
Epinephrine produced a greater contraction of monkey coronary arteries than did norepinephrine. Epinephrine is more potent than norepinephrine on a-receptors of most organs (Goodman and Gilman, 1980) . Elevated plasma concentrations of epinephrine may lead to the coronary artery to contract, in addition to an increase in the tonic sympathetic influence. Contractile responses of rabbit aortas and pulmonary arteries to norepinephrine increase with age, whereas relaxations induced by isoproterenol decrease (Fleisch et al., 1970; Fleisch and Hooker, 1976; Hayashi and Toda, 1978) . If this is the case in coronary arteries, the arterial contraction induced by endogenous norepinephrine and epinephrine would be exaggerated with age.
Metoprolol is reportedly a cardioselective /S antagonist (Ablad et al., 1973) . The dissociation constant (K B ) of metoprolol in monkey coronary arteries in response to isoproterenol was 1.3 X 10~8 M, which is consistent with the values seen in dog (1.5 x 10" 8 M) and rabbit coronary arteries (2.5 X 10~8 M) (Toda et aL, 1978b) . In contrast, the KB values in rabbit pulmonary and mesenteric arteries are appreciably greater (3.2 and 6.6 X 10~7 M, respectively) (Toda et al., 1978b) . These findings suggest that /^-receptors in monkey coronary arteries are classified as fa.
In summary, proximal portions of monkey coronary arteries respond consistently to sympathetic nerve activation, norepinephrine, and epinephrine with contractions, because of a predominant func- VOL. 49, No. 6, DECEMBER 198 tioning of a-adrenoceptors. Such may trigger coronary artery spasm in cases of functional and morphological impairments of the vessel which are associated with disease (hypertension, diabetes, etc.), age, metabolic disturbance, hypercholesteremia, hypomagnesemia, augmented platelet aggregation, etc. 
